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(57) Abstract 

An optical parametric oscillator system comprises a continuous wave, singly resonant optical parametric oscillator (OPO) arranged 
within the cavity of a laser used to generate the pump wave. The pump laser may have a widely tuneable laser gain medium which enables 
the OPO to be tuned through the tuning of its pump wave. The pump laser may generate a multiaxial mode pump wave which pumps a 
non-linear crystal in the OPO to generate two down converted waves; one of the generated waves is resonated in the cavity of die OPO 
whilst the other generated wave is prevented from resonating by being coupled out of the OPO cavity to form an output signal, A mirror 
arrangement common to both pump laser and OPO may be used to focus and to ensure co-axialiry and co-linearity of pump and resonated 
waves within the non-linear material; this enhances the setting up and optimisation of the intracavity OPO. Additionally, means may be 
provided to efficiently couple out a fraction of the resonated wave as a useful output. This resonated output may be single frequency even 
in the presence of a multimode pump waved. Further, means may be provided to allow the frequencies of the two down converted waves 
to be independently tuned. 
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OPTICAL PARAMETRIC OSCILLATOR 

This invention relates to optical parametric oscillators (OPO) in which a non linear 
material is optically pumped with light energy to produce optical outputs of different 
wavelengths to that of the pump energy. 

5 

Such oscillators may be pumped by a pump laser (wavelength X p , frequency co p ) to 
emit light at two wavelengths, termed a signal wave X s (frequency co s ) and an idler- 
wave Xj (frequency av, ) such that co p = o s +0)3 . By convention the signal wave is 
defined as that wave with the higher frequency of the two generated waves. When the 

10 OPO is operated as a double resonant oscillator both the generated signal-wave and 
idler-wave are resonated. When the OPO is operated as a singly resonant oscillator 
either the generated signal-wave or the idler-wave is resonated, but not both. Both 
continuous wave and pulsed pump lasers have been used to provide doubly resonant 
parametric oscillation. However, the doubly resonant character of the resonator causes 

1 5 the output to be unstable both in amplitude and frequency. Singly resonant parametric 
oscillation has been achieved using both pulsed, and more recently continuous wave, 
pump lasers but the threshold pump power for the singly resonant case is much higher 
(as much as about two orders of magnitude) than the that of the doubly resonant case. 
Singly resonant oscillators produce a much more stable output and impose less 

20 stringent demands on the mirror coating design. For these reasons the singly resonant 
configurations is the one most frequently used, 

In order to provide sufficient energy with a continuous wave beam to exceed 
threshold, doubly resonant optical parametric oscillators have been placed within the 
25 cavity of the laser used to generate the pump wave. In this prior art, such doubly- 
resonant OPO devices were proposed [see for example Kingston. Proc. IRE, 50, 472 
(1962) ], analysed theoretically [ Oshman & Harris, I.E.E.E. J. Quant. Elec. QE4, 491- 
502 (1968)] and experimentally demonstrated [ Smith & Parker. J. Appt. Phys. 4L 
3401-8 (1970) ]. Such arrangements suffer from tuning disadvantages. 
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In the prior art pulsed optical parametric oscillators have been proposed [ Kroll, Phys. 
Rev. 127, 1207-1 1 (1962)], analysed theoretically [ Falk, Yarborough & Ammann. 
I.E.E.E. J. Quant. Elec. QE7, 359-69 (1971)] and demonstrated [see Lavi, Englander & 
Lallonz, Op. Lett. 21, 800-2 (1996) and references therein], but the performance 
5 characteristics and properties of continuous-wave devices of the present invention are 
different in kind to those of pulsed devices. 

One disadvantage of the prior art is the difficulty of providing sufficient pump energy 
with a continuous wave pump beam so as to exceed oscillation threshold in a singly- 
10 resonant OPO placed external to the pump laser cavity. A second disadvantage of the 
prior art is the amplitude and frequency instability of a doubly-resonant OPO placed 
either internal or external to the pump laser cavity, and the difficulty of tuning and 
aligning the various components to optimise the oscillator output. 

15 In order to avoid the disadvantages associated with the doubly resonant oscillator, 
while at the same time providing sufficient power with a continuous wave beam to 
exceed threshold, singly resonant oscillators have been placed within the cavity of the 
laser used to generate the pump wave. This arrangement is described in United States 
Patent No 3,628,186, but performance characteristics of embodiments have not been 

20 provided. 

Such an arrangement as described suffers from a number of problems and 
disadvantages. 

25 One problem of this prior art is difficulty in aligning the cavities of the singly resonant 
optical parametric oscillator and the pump laser due to the lack of a means which 
either partially or fully defines the respective cavity modes with regard to co-linearity 
concentricity and overlap of beam waists. 
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According to this invention the aforementioned problem is overcome in relation to 
continuous wave, singly resonant optical parametric oscillators that are arranged 
within the cavity of the laser used to generate the pump wave, by a mirror 
5 arrangement, or equivalent optical arrangements, that is common to both pump laser 
and OPO. This arrangement may facilitate the setting up and optimisation of the 
intracavity OPO, and further may contribute to the stability of the OPO during 
operation. 

10 A second problem of this prior art is that the resonant wave, either signal or idler 
within the optical parametric oscillator is not extracted as useful output. According to 
the present invention the aforementioned problem is overcome by providing means for 
extraction of the resonant wave. It is to be noted that even though the pump laser is 
operating multimode. it is possible for this resonant wave to display the advantage of 

15 being single mode (single frequency), with the non-resonant wave being generated in a 
number of modes corresponding to those of the multimode pump laser. It is therefore 
advantageous to be able to extract this resonant wave as useful output. A further 
advantage of being able to extract the resonant wave is that a lower oscillation 
threshold for the OPO may be obtained by resonating the wave with the lowest loss in 

20 the non-linear gain medium, whether it be the signal or the idler wave, while at the 
same time extracting that wave as useful output. 

A third disadvantage of this prior art as stated in USA Patent No. 3,628,1 86 is that the 
pump wave power as transmitted by the optical parametric oscillator is not clamped to 
25 the threshold power. According to the present invention, means are provided to clamp 
the pump wave power within the cavity of the pump laser and as transmitted through 
the optical parametric oscillator to the threshold pump power of that oscillator. This 
has the advantages of reducing both detrimental thermal effects in the non-linear gain 
medium as well as the likelihood of optical damage by the pump wave. 

30 
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A disadvantage of the prior art is that the wavelength of the pump wave is fixed and 
hence cannot be finely tuned in order to smoothly and continuously tune the 
wavelength of the non-resonant wave, particularly but not exclusively in those cases 
where the pump wave is single mode and hence where the non-resonant wave is also 
5 single mode (single frequency) given a single frequency resonant wave. An associated 
disadvantage in the prior art is that the pump wave cannot be coarsely tuned so as to 
provide extended but coarse (i.e. with mode hops) tuning of the resonant and non- 
resonant waves without the need to alter the conditions appertaining to phase matching 
at the non-linear gain medium. According to the present invention the aforementioned 
1 0 problem is overcome by providing means for supplying a pump wave of variable 
wavelength or frequency to the non-linear gain medium. 

A further disadvantage of the prior art is that the wavelengths of the resonated and 
non-resonated waves (signal and idler waves) cannot be independently chosen, as 

( 5 would be advantageous for example in pump-and-probe spectroscopy or the provision 
of optical frequency standards with integral ratios between the frequencies of pump, 
signal and idler waves. According to the present invention the aforementioned 
problem is overcome by providing means for supplying a pump wave of variable 
frequency to the non-linear gain medium, as well as for simultaneously altering the 

20 phase matching conditions by appropriate adjustment of the non-linear gain medium 
itself. 

The present invention provides an optical parametric oscillator (OPO) in which the 
non-linear gain medium is placed within the cavity (resonator) of the laser used to 
25 pump the optical parametric oscillator and where the optical parametric oscillator is 
operated both as a singly-resonant oscillator (SRO), in which either the generated 
signal- or idler-wave is resonated, but not both, and also as a continuous-wave device, 
with an output formed by either or both generated waves. 
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According ,o .his invention an optica, parametric osciUator (OPO) system eomprises: 

a continuous wave pump .aser having a laser gain medium within a .aser cavity formed 
between reflecting surfaces; 

a singly resonant parametric oscillator having a non-linear gain materia, capable of 
generating both a signa, wave and an id.er wave when i.lurninated by a pump wave, 
ft. non ..near materia, being arranged within the pump .aser cavity berween reflectmg 
surfaces forming an osc.Ua.or cavity resonant a, one of the generated waves and 
including means for preventing feedback of the non-resonant wave withm the 
oscillator cavity, 

m eans for focusing both pump and resonated wave to required waist dimensions 
within the non ..near materia, to give a common coaxial and co-.inear optica, path to 

aUgnmen, of both pump and osciUator cavities is obtained with matching o, sa,d beam 
waists, and 

,0 means for directing one of the generated wave.engths from the osc.Ha.or to fotm an 
output signal. 

Preferably the osciUator and pump laser cavities axe arranged with a, leas, one 
common reflecting surface which focuses bo.h pump and resona,ed waves ,o reared 
„ wais. dimensions within the non linear materia, to give a common eoaxta. and co- 
Hnear optica, path to bom pump and resonared waves within the non ..near matenal 
where by simultaneous alignment of both pump and osciUator cavities is ohtatned w,th 
notching of said beam waists. For example the non-.inear materia, may be arranged 
between two focusing mirrors. 



15 
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Preferably the laser gain material is tuneable so that the phase match bandwidth of the 
parametric oscillator may be tuned by tuning the wavelength of the pump wave 
without the need to alter the orientation, temperature or other relevant parameter of the 
non-linear gain medium itself. The tuning may be achieved by a suitable tuning 
5 element within the pump laser cavity. Alternatively, the pump laser may operate at a 
fixed frequency and the non linear material is tuned by variation of its temperature, 
angular position within the oscillator cavity, or some other parameter influencing 
phase matching to vary oscillator frequency. 

10 Preferably both the laser gain material and the non-linear gain material may be 
simultaneously tunable, so allowing independent selection of idler wave and signal 
wave frequencies or wavelengths. 

The non linear material may be KTP or LiNbO, or isomorphs of these materials, or 
15 periodically poled versions of these materials or their isomorphs. or LBO. 

One of the reflecting surfaces forming the oscillator cavity may be partly transmitting 
at the resonant wave frequency, the transmission being chosen to optimise the output 
power available from the resonant wave. 

20 

The non-linear material may have its temperature and/or angular position varied to 
vary the ratio of o> s to (Oj. This may be additional to varying the pump laser frequency 
by the birefringent tuner element. 
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Embodiments of the invention will now be described by way of example only, and 
with reference to the attached figures, in which: 

Figure 1 is a schematic view showing the generic principles of the invention: 

5 

Figure 2 shows a first embodiment with a parametric oscillator within the cavity of a 
pump laser sharing common focusing mirrors: 

Figure 3 shows the dependence of both the intracavity pump-wave power and the 
10 idler- wave output power on the pump power delivered by a priming argon ion laser to 
the gain medium of the pump laser for the case where the pump- wave wavelength is 
approximately 800 nm: and where the pump power (intracavity) is clamped by the 
onset of oscillation in the parametric oscillator; 

15 Figure 4 shows the dependence of the wavelength of the generated signal-wave of the 
optical parametric oscillator on the wavelength of the pump-wave generated by the 
pump laser: 

Figure 5 shows the signal-wave power generated by the singly-resonant, continuous- 
20 wave optical parametric oscillator as a function of time: 

Figure 6 shows the spectral content of the generated resonant- wave (signal wave in 
this case) as monitored by a scanning interferometer, indicating single-axial- mode 
(single-frequency) oscillation of the optical parametric oscillator: 

25 

Figure 7 is a schematic view showing a second embodiment of the invention in which 
the cavity of the pump laser is a ring (travelling wave) resonator: 
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Figure 8 is a schematic view showing a third embodiment of the invention in which 
both the cavity of the pump laser and also the cavity of the optical parametric 
oscillator are ring (travelling wave) resonators: 

5 Figure 9 is a schematic view showing a fourth embodiment of the invention in which 
the gain medium of the pump laser is not tuneable and wide-tuning of the optical 
parametric oscillator is achieved by variation of one of the parameters of its non-linear 
gain medium; 

10 Figure 1 0 shows multi parameter tuning of the singly resonant oscillator; and 
Figure 1 1 shows the power output for the resonated and non-resonated waves. 



Figure I shows the principles of the optical parametric oscillator. It comprising a 
15 pump laser 1 containing a parametric oscillator 2. The pump laser 1 itself comprises a 
laser gain medium 3 located between two mirrors 4, 5 which define a pump laser 
cavity 6. The laser gain medium receives input power 7, e.g. from a priming laser or 
other power source (not shown). The parametric oscillator 2 comprises a non-linear 
gain medium 8 located between two mirrors 9, 10 which form an oscillator cavity 11. 
20 Upon receipt of input energy 7 the laser gain medium 3 is stimulated to emit light 
between the two mirrors 4. 5 and in doing so passes this light through the non-linear 
gain medium 8 causing it to emit additional light one component of which resonates 
between the two oscillator mirrors 9. 1 0. The oscillator cavity 1 1 resonates at either a 
signal-wave or idler-wave (OPO field 1 ). The non resonated wave (OPO field 2) exits 
25 through either one or both of mirrors 9, 10. In addition useful output of OPO field 1 
may be obtained by making either mirror 9 or 10 partially transmitting for this 
wavelength. 
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In one embodiment of the invention mirrors 5 and 10 are the same (common) mirror. 
In another embodiment of the invention the laser gain medium 3 is tunable, so 
enabling the wavelength of the pump wave or field to be tuned. In another 
embodiment of the invention the phase-matching condition in the non-linear gain 
5 medium may be independently altered, which together with the ability to tune pump 
field allows the signal and idler waves to be independently tuned. In a further 
embodiment of the invention, the resonated wave (OPO field 1 ) is efficiently coupled 
out of the oscillator cavity 1 1 by selecting the appropriate transmission for either 
mirror 9 or 10. 

10 

One specific embodiment of an OPO system is shown in Figure 2 and follows the 
principles shown in Figure 1 . The system comprises a pump laser , a parametric 
oscillator, and a power source. 

1 5 The pump laser comprises a crystal of Tirsapphire 3, forming a laser gain medium, 
located within a standing-wave cavity 6 formed by mirrors Ml -6. The crystal is a 
standard c-cut crystal with Brewster-angled faces, and is 7.5mm long. Mirrors M2. 
M3 are focusing mirrors of radius of curvature 10cm. that focus the pump-wave mode 
to a suitable beam waist, typically about 20[im, within the crystal 3. Mirrors ML and 

20 M4 are highly reflecting plane mirrors. Mirror M6 and M5 have a radius of curvature 
of 20cm and focus the pump beam to a waist of typically 30 to 50(im. A tuning 
element is formed by birefringent plate 15 which allows tuning of the pump laser 
linewidth and centre frequency by rotation of the plate 15. The pump beam within the 
cavity 6 is polarised with its electric vector in the plane of the figure 2. 
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The OPO comprises a non-linear gain medium 8 which is a potassium titanyl 
phosphate (KTP) crystal located within the pump laser cavity 6 and between mirror 
M5. M6 with the waist of the pump beam in the centre of the crystal 8. The KTP 
crystal 8 is 20cm long and is cut for standard type II noncritical phase matching in 
which the pump wave and generated signal wave are polarised with their electric 
vectors in the plane of the figure, and the generated idler wave is polarised with its 
electric vector normal to the plane of the figure. The optical faces (y-z faces, 4x4mm) 
of the KTP crystal 8 are cut for normal incidence of the various waves when they 
propagate along the x-axis of the crystal 8, and are antireflection coated; e.g. residual 
reflectivity's typically <0.5% for pump wave and resonated signal wave, and <5% for 
the non resonated idler wave. 
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The signal-wave is- resonated within the KTP crystal 8 by means of the standing-wave 
cavity formed by mirrors, M6. M5. a beamsplitter 16 (which is highly reflecting for 
the signal wave >99% and high transmitting for the pump wave > 99%). and mirror 
M7. All these mirrors are of high reflectivity for the signal-wave (>99%). 
5 Additionally Mirror M7 is significantly reflective at the pump wavelength. A signal 
wave output co s may be taken from transmission through M7. 

The idler-wave 0)j, which is not resonated in this singly-resonant oscillator but which 
is generated as a single-pass wave in both directions through the KTP crystal 8, leaves 
10 the cavity 1 1 through either / both mirror M6 or/and mirror M5, both of which have a 
significant transmission (>60%) at the idler-wave wavelength. The idler-wave may be 
used as an output, but will not have a single frequency if the pump laser operates at 
multiple frequencies. 

15 The input power source 7 comprises an argon-ion laser 17 whose output is directed via 
mirrors 18, 19. 20, 21, a wave plate 22. and focusing lens 23 and mirror M2 into the 
Ti:sapphire crystal 3. Typically the laser 17 has an output at 514.5nm and is focused 
by lens 23 so as to be mode matched with the pump wave mode inside the crystal 3.. 
and being in a suitable polarisation state (electric vector orthogonal to the plane of the 

20 figure), which can be controlled using the wave plate 22 so as to optimise the gain 
experienced by the pump wave within the crystal 3. 

In operation the Argon ion laser 17 optically pumps the crystal 3 to cause generation 
of a pump beam. The pump wave can be multimode (multi axial mode. i.e. multi 
25 frequency) while still efficiently pumping a single axial mode signal wave in the OPO. 
In one example the pump wave had a linewidth of the order of 20GHz. As noted 
above, mirrors M5. M6 focus the pump wave to a beam waist ( i.e. required energy 
density) within the KTP crystal 8; additionally they focus the signal wave to a beam 
waist to mode match with the pump wave. 



30 



WO 98/01927 PCT/GB97/01790 

- 12- 

Aii advantage of the use of common mirrors M6 and M5. is that when the optical 
cavity 6 of the pump-wave has been aligned and the pump laser I thereby brought into 
oscillation, it is then no longer necessary or appropriate to readjust these two mirrors 
in seeking to bring the cavity 1 1 of the OPO into resonance and hence the OPO into 
5 oscillation, these latter being effected solely through alignment of mirror M7. Further, 
by making the beamsplitter 16 to be slightly reflecting (-0.5%) at the pump- wave 
wavelength and with mirror M7 significantly reflecting at the pump-wave wavelength, 
then the correct alignment of the OPO cavity, effected through the adjustment of 
mirror M7, can be gauged through the enhancement in the pump-wave that occurs 
10 simultaneously with this alignment, this enhancement being as a result of the increased 
feedback occasioned through mirror M7 and the beamsplitter 16 reflecting back pump- 
wave into the pump laser cavity. 

The power output characteristics of the system of Figure 2 are shown in Figure 3 in 
1 5 which the pump-wave (intracavity ) power and the idler-wave power are displayed as a 
function of the optical power applied to the Thsapphire crystal 3 by the argon laser 17. 
As expected, the intracavity pump-wave power clamps at the threshold value for 
oscillation of the OPO. 

20 Figure 4 shows the tuning range of the signal-wave of the OPO as a function of the 
pump-wave wavelength which is scanned across the gain profile of the Tirsapphire by 
altering the birefringent tuner 15. 

Figure 5 shows the temporal behaviour of the signal wave as a function of time, the 
25 ' stability of which is consistent with the OPO oscillating with only one resonant down- 
converted wave (i.e. singly-resonant). 
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Figure 6 is the signal-wave output (resonated wave) from the OPO as monitored by a 
scanning interferometer, and shows the single-axial-mode (single-frequency) nature of 
this output despite the pump-wave being highly multi-axial-mode. 

> A second embodiment of the invention is shown in Figure 7 in which the cavity 6 of 
the pump laser is now a travelling wave cavity between mirrors 30-33 with the pump- 
wave constrained to be unidirectional, by the incorporation into the cavity of a suitable 
unidirectional device (not shown but may be e.g. a Faraday rotator and birefringent 
plate), but with all other features the same as in embodiment 1 above. This 

) embodiment ensures single-axial-mode (single-frequency) oscillation of the pump 
laser because of the avoidance of spatial hole-burning in the Tusapphire gain medium 
3. although possibly requiring the incorporation into the pump laser cavity 6 of 
additional line narrowing elements, not explicitly shown, in order to ensure that such 
single frequency oscillation is maintained. The advantage of this embodiment is that 

5 the optical parametric oscillator is now pumped by a single-frequency pump-wave, so 
that the non-resonated idler output (though mirror 33) is also single-frequency 
provided that the resonated signal wave (output through mirror 9) is or is constrained 
to be single frequency. However a disadvantage of this arrangement is that the 
parametric gain in the non-linear crystal 8 is now unidirectional because of the 

0 unidirectional nature of the pump-wave. 

A third embodiment of the invention is shown in Figure 8 in which the cavity 1 1 of the 
optical parametric oscillator is now also a travelling wave (ring) cavity between mirror 
34-37. but with all other features the same as in Figure 7 above. The advantage of this 
5 embodiment is a reduction in the parasitic loss associated with the down-converted 
resonated wave in the cavity of the optical parametric oscillator compared to the case 
where this is a standing wave cavity with only unidirectional gain, as in Figure 7 
above. 
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In a specific example of such an OPO. the travelling-wave Ti:sapphire laser pumps an 
1 1 ,5mm long crystal of KTA as the nonlinear material. Single frequency operation of 
the Ti:sapphire laser is obtained, with single frequency outputs for both signal and 
idler waves simultaneously. 

5 

A fourth embodiment of the invention is shown in Figure 9 and which differs from the 
Figure 2 embodiment in that the gain medium 3 of the pump laser is now no longer 
widely tuneable. In this embodiment it is now no longer possible to tune to any 
significant extent the optical parametric oscillator 2 through tuning the pump-wave 
10 wavelength, and this tuning must now be effected by altering some parameter of the 
non-linear gain medium 8 itself, such as the temperature of the crystal or the angle of 
propagation of the radiation through the crystal. For such an embodiment the non 
linear crystal may be a periodically poled lithium niobate (LiNb0 3 ) crystal. 

15 A fifth embodiment of the invention is where the gain medium of the pump laser 3 in 
Figure 2 is tuneable, but means for wavelength tuning of the output signal and idler 
beams from the OPO are also available through temperature-tuning of the non-linear 
material 8 or grating-tuning in the case where the non-linear material is periodically- 
poled, such as LiNb03 (PPLN). One significant advantage of this scheme is that it 

20 provides a multi-parameter tuning capability and allows access to a particular 

combination of pump, signal, and idler frequencies through independent control of 
pump wavelength, temperature of the non-linear material, or the period of the quasi- 
phase-matching grating. 
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In a specific example of such an OPO. the non-linear gain medium 8 is a 19-mm-long 
crystal of PPLN incorporating eight gratings ranging in period from 21 to 22.4 urn. 
and is pumped at the intracavity focus of a tuneable Ti: sapphire laser: the laser gain 
medium 3 is a Ti: sapphire crystal as described in embodiment 1 . By using a 
combination of pump-wavelength-tuning and grating-tuning at a fixed crystal 
temperature of 165°C. a signal (idler) wavelength range of 1 .070-1 .28 urn (2.30-3.33 
urn) has been accessed, as shown in Figure 10. Additional means for tuning is also 



5 



avai lable by changing the temperature of the PPLN crystal . 

A sixth embodiment of the invention is where one of the OPO mirrors, for example 
M7 in Figure 2, is partially transmitting for the resonated field 1 . This scheme allows 
the useful extraction of a narrow-linewidth. single-longitudinal-mode resonated beam 
even when the pump laser itself has broadband, multi-longitudinal-mode 
characteristics. 

In a specific example of such an OPO. a multi-longitudinal-mode, standing-wave Ti: 
sapphire laser pumps an 1 1 .5-mm-long crystal of KTA as the non-linear material to 
provide tunable outputs over 1 . 1 1 - 1 .22 urn (signal) and 2.38-2.92 urn (idler) through 
pump-tuning. By employing a partially transmitting OPO mirror (M7 in figure 2) with 
a transmission of 1.2% for the resonated (signal) beam, useful output powers in excess 
of 500 mW in a narrow linewidth signal field have been coupled out of the resonator 
across most of the tuning range, as shown in Figure 1 1(a). The output power 
simultaneously extracted in the non-resonant multimode (idler) beam is also greater 
than 500 mW over this range, as shown in Figure 1 1 (b). 

A seventh embodiment of the invention is where the tuneable laser gain medium 3 in 
Figure 2 is a crystal of Ti:sapphire and the power source 17 is a diode-laser-pumped, 
all-solid-state green laser. 
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In one specific design of such an OPO. a commercial diode-laser-pumped frequency- 
doubled Nd:YV0 4 laser at 532 nm (Spectra-Physics, Millennia) is the power source 
for a tuneable Ti:sapphire laser pump source. By constructing an intracavity SRO 
using a 19-mm-long crystal of PPLN placed at the intracavity focus of the Thsapphire 
5 laser, signal (idler) wavelengths in the range 1 .070-1 .28 pun (2.30-3.33 ^tm) have been 
generated (Figure 10). and an output power of 100 mW has been produced in the non- 
resonant idler beam with 5.5 W of input power from the Millennia laser. 

An eighth embodiment of the invention is where the laser gain medium 3 is a crystal of 
10 Nd: YAG, Nd: YLF. or Nd: YV0 4 , the power source 1 7 is a semiconductor diode 
laser, and the non linear material 8 is KTA. PPLN, or other periodically-poled 
materials including PP-KTP, PP-RTA. PP-KTA, PP-RTP and PP-CTA. 

In one specific design of such an OPO, the energy source is an AlGaAs semiconductor 
1 5 laser operating near 800 nm, the laser gain medium is a crystal of ND:YLF providing 
pumping radiation at 1 .047 |im, and the non-linear gain material is a 1 5-mm crystal of 
KTA. This device can provide fixed-wavelength signal (idler) radiation at 1.505 
(3.440) gm. with a total output power of up to 250 mW for 7 W of input power from 
the semiconductor diode laser to the ND: YLF crystals. 

20 

A ninth embodiment of the invention is where the tuneable laser gain medium 3 is a 
vibronic crystal other than Ti:sapphire. for example CnLiSAF. CriLiCAF. CnLiSGaF, 
or Cnforsterite, and the energy source 17 is a semiconductor diode laser. 
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CLAIMS 

I . An optical parametric oscillator (OPO) system comprising: 

5 a continuous wave pump laser ( 1 ) having a laser gain medium (3) within a laser cavity 
(6) formed between reflecting surfaces (M 1 to M6); 



a continuous wave, singly resonant parametric osciflaldTarhav^^^ 
material (8) capable of generating both a signal wave and an idler wave when 
10 illuminated by a pump wave, the non linear material (8) being arranged within the 
pump laser cavity (6) between reflecting surfaces (M5, M6) forming an oscillator 
cavity (11) resonant at one of the generated waves and including means (M5) for 
preventing feedback of the non-resonant wave. 

15 means (M5, M6) for focusing both pump and resonated wave to required waist 

dimensions within the non linear material (8) to give a common coaxial and co-linear 
optical path to both pump and resonated wave within the non linear material (8), 
whereby simultaneous alignment of both pump and oscillator cavities is obtained with 
matching of said beam waists, and 



20 



means (M5, M7. 16) for directing one of the generated wavelengths from the oscillator 
to form an output signal. 
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2. The system of claim 1 wherein the pump and oscillator cavities are arranged with at 
least one common reflecting surface which focuses alone or with additional optical 
elements both pump and resonated wave to required waist dimensions within the non 
linear material to give a common coaxial and co-linear optical path to both pump and 

5 resonated wave within the non linear material. 

3. The system of claim 1 wherein the pump laser is tuneable in frequency: 

4. The system of claim 1 wherein the laser gain medium is selected from: CnLiSAF. 
10 CnLiCAF, CriLiSGaF, Cnforsterite. Cr:YAG. 

5. The system of claim 2 wherein the pump laser is tuned by a birefringent element, 

6. The system of claim 1 wherein the non-linear material is tunable so that the signal 
15 and idler waves may be tuned. 

7. The system of claim 1 wherein the non linear material is tuneable by variation of its 
temperature, angular position within the cavity, or grating period. 

20 8. The system of claim 1 wherein the non linear material is selected from:- KTP. 
LiNb0 3 ,PPLKPP-KTP, PP-RTA, PP-KTA. PP-RTP, PP-CTA. 

9. The system of claim 1 wherein at least one of the reflecting surfaces (M7) forming 
the oscillator cavity or any optical component internal to the oscillator cavity is 
25 adjustable to contribute to enhancing optimum pump laser intracavity power. 



10. The system of claim 1 including means for directing the non-resonant generated 
wavelength from the system to form the output signal. 
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1 \ . The system of claim I including means for directing the resonant generated 
wavelength from the system to form the output signal. 

1 2. The system of claim 1 including means for directing the non-resonant and 
3 resonant generated wavelengths from the system to form separate output signals. 

/3. The system of claim 1 wherein the pump laser is a multi-axial mode laser and the 
resonated generated wave output is a single-axial-mode output " " 

,0 14. The system of claim I wherein the pump wave is clamped to the threshold of the 
parametric oscillator. 

1 5. The system of claim 1 wherein the cavity of the pump laser is a ring (travelling 
wave) resonator. 

15. The system of claim 1 wherein the cavity of the optical parametric oscillator is a 
ring (travelling wave) resonator. 

15. The system of claim 1 wherein the cavities of both the pump laser and optical 
20 parametric oscillator are ring (travelling wave) resonators 



WO 98/01927 



PCT/GB97/01790 



1/9 




CO 



111 S = 

CO<Q 
< O LU 



CD 



ft 



7 



LU 



QC 

>U1LU 
(DOC/5 

cca:< 

WZ)- 1 
ZO0C 

wwo 

LL 



CM 

OD 

CL_I 



SUBSTITUTE SHEET (RULE 26) 



WO 98/01927 



PCT/GB97/01790 



2/9 




SUBSTITUTE SHEET (RULE 26) 



WO 98/01927 



PCT/GB97/01790 



3/9 



CO 100 

I „ 

£ 80 



EC 
111 

o 

Q. 

O 

< 
DC 

S o 



60 



40 



20 



Fig.3. 



# • • 



• • • 



_J ft L. 



01 2 3456 7 89 10 
ARGON-ION LASER POWER (WATTS) 



0.4 £ 

I 

0.3 5 " 

CM 

02 = 

o 

Q. 

0.1 oc 

LU 
_J 

g 

0 < 



1200 
~ 1180 h 



O 

z 

LU 



1160 



tii 

| 1140 



55 
to 



1120 



1100 



750 



Fig.4. 



,#2.84 

x 

h- 
O 
Z 
tu 
_J 
tu 

I 

LU 



urn 



g 

2 



.59 



775 800 825 

TLSAPPHIRE WAVELENGTH (nm) 



850 



SUBSTITUTE SHEET (RULE 26) 



WO 98/01927 



PCT/GB97/01790 




TIME PERIOD = 50 SECONDS 



ll 
O 

>■ 
H 

lu —j 

t= UJ 



D < 
UJ ^ 

ts 

cn 
z 
< 
d 



Fig.6. 




<10MHz 



^ Vs. 



BANDWIDTH « 4.6 GHz 



RlinRTITUTE SHEET (RULE 26) 



WO 98/01927 



PCT/GB97/01790 



5/9 

Fig.7. 




MEDIUM 



ei iqctiti rrc euccT mill C OK\ 



WO 98/01927 



PCT/GB97/01790 



6/9 




SUBSTITUTE SHEET (RULE 2Bt 



WO 98/01927 



PCT/GB97/01790 



7/9 



in 



1 



00 



6) 

LL 



C5 



o ^ 



Q_ O 
Q_ LL 1 



i 



f 


A 


LASER 
GAIN 
MEDIUM 













rr- ^ 

CCCLO 
- 1 CO 



I 

—I LU 

£EZ>0 
I— |— < 

UJ a. > 
Oho 



SUBSTITUTE SHEET (RULE 26) 



WO 98/01927 



PCT/GB97/01790 



8/9 



Fig.10. 



3.5 



E 




n 




X 


3.0 


DC h- 


uj O 




— 1 z 




Q w 
~" —j 




LU 


2.5 






5 





21 .4 \21 .6\21 .8 \22.6\22.2 \22.4 



GRATING 



PERIOD (|im) 




21 .2, 21 .4 21 .621 .8 22.0 22.2 22.4 



GRATING 
PERIOD ( urn) 



0.80 0.81 0.82 0.83 
PUMP WAVELENGTH (*im) 



0.84 



minaviTiiTi? euCCT /Dill P 26\ 



WO 98/01927 



PCT/GB97/01790 



9/9 



Fig.11. 



E 

DC 
LU 

o 

D_ 
I- 

Q_ 

o 
< 
o 

CO 



-700- 
600 
500 
400 
300 
200 
100 



(Po)i~^2%- 




1.10 1.12 1.14 1.16 1.18 1,20 
SIGNAL WAVELENGTH (iim) 



1.22 



cr 

LU 

<: 
O 

Q_ 

h- 
Z> 
D_ 
I— 
=> 

o 

LU 



900 
800 
700 
600 
500 
400 
300 
200 

100 

0 



7 <b) NON-RESONANT FIELd/\ 


(P 0 )s~ 1 - 2% 


7 rV (IDLER) r* ^ 




I / (TWO-WAY) 




;_ / (@Pp = 14W) 




/ PUMP: 




~ I 750-860nm 




. I _^ 1 , 1 L- 


I , ,._J — I — 



.30 2.40 2.50 2.60 2.70 2.80 2.90 
IDLER WAVELENGTH (tim) 



3.00 



INTERNATIONAL SEARCH REPORT 



Int .tonal Application No 

PCT/GB 97/01790 



A. CLASSIFICATION OF SUBJECT MATTER / 

IPC 6 H01S3/108 G02F1/39 



Acco rdtng to international Patent Classification (IPC) or to both national classification and IPC 



5. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 6 HOIS G02F 



Documentation searche d other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international sgarch (name of data base and. where practical, search terms usedi 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category : 



p.x 



Citation ot document, with indication, where appropriate, of the relevant passages 



US 3 628 186 A (ASHKIN ARTHUR ET AL) 14 

December 1971 

cited in the application 

see column 2, line 10 - line 54 

see column 2, line 74 - column 4, line 43 

COLVILLE F G ET AL: "CONTINUOUS-WAVE , 

SINGLY RESONANT, INTRACAVITY PARAMETRIC 

OSCILLATOR" 

OPTICS LETTERS, 

vol. 22, no. 2, 

pages 75-77, XP000679184 

see figure 1 

US 5 181 211 A (BURNHAM RALPH L ET AL) 19 
January 1993 

see column 5, line 11 - line 32 

_/-- 



Relevant to claim No. 



1-15 



1-15 



1,2 



Further documents are listed in the continuation of box C. 



Patent family members ore listed m annex. 



0 Special categories of cited documents : 

•A" document defining the general state of the art which is not 

considered to be of particular relevance 
"E" earlier document but published on or after the international 

filing date 

V document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use. exhibition or 
other means 

"p" document published prior to the international filing date but 
later than the priority date claimed 



T" later document published after the international filing date 
or priority data and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance: the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y* document of particular relevance; the claimed Invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

"A" document member of the same patent family 



Date of the actual completion ol the international search 



9 October 1997 



Name and mailing address ol the ISA 

European Patent Office, P.B. 5818 Pate ntlaan 2 
NL-2280 HVRIjewl|k 
Tel. (+31-70) 340-2040. Tx. 31 851 epo nl, 
Fax: <+3l-70) 340-3016 



Date of mailing of the international search report 



27/10/1997 



Authonzed officer 



Galanti, M 



Form PCT/tSA/210 (second shest) (July 1992> 



Daae 1 of 2 



INTERNATIONAL SEARCH REPORT 



C.(Continurtion) OOCUMENTS CONSIOEREO TO BE RELEVANT 



In atonal Application No 

PCT/GB 97/01790 



Category Citation of document, with indication. where appropnate, oi the relevant passages 



Relevant to claim No. 



WO 94 24735 A (LIGHT AGE INC) 27 October 
1994 

see page 4, line 17 - page 7, line 10 

YANG s T ET AL: lEaMfic_and-jspeciEaJ 



-character-i-st-1 es-of— cont-i nuou's-wave- 



-^apametr-le-ose-l-l-l-at-or-SH— t-he-doub-l-y-to 

singly resonant transition" 

JOURNAL OF THE OPTICAL SOCIETY OF AMERICA 

B (OPTICAL PHYSICS), SEPT. 1993, USA, 

vol. 10, no. 9, ISSN 0740-3224, 

pages 1684-1695, XP002043022 

see abstract 

see page 1690, right-hand column, line 3 - 
page 1691, left-hand column, line 28 

BOSENBERG W R ET AL: "CONTINUOUS-WAVE 
SINGLY RESONANT OPTICAL PARAMETRIC 
OSCILLATOR BASED ON PERIODICALLY POLED 
LINB03" 

OPTICS LETTERS, 

vol . 21, no. 10, 

pages 713-715, XP000589950 



1,3-8 



-l-,.8- 



1,8 



2 



Form PCT/ISA/210 (continuation ol ncond sheet) (July 1902) 



•■•formation on patent family membora 


ItilBi: iai MppiICBiiori nw 

PCT/GB 97/01790 






Patent document Publication Patent family Publication 
cited in search report date member(s) date 


US' 3628186 A 14-12-71 BE 747488 A 31-08-70 

DE 2012226 A 01-10-70 
FR 2035101 A 18-12-70 
6B 1265680 A 01-03-72 

US 5181211 A 19-01-93 NONE 










W0 9424735 A 27-10-94 US 5.6.064.53 A 25-02-97 






AU 6708394 A 08-11-94 


- 



Form PCT/IS/V210 (patent family tnn»x) (July 1 092) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 
J^BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

A LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



